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We report on effective generation of continuous-wave squeezed light and second harmonics with a
periodically poled MgO:LiNbO3 (PPMgLN) crystal which enables us to utilize the large nonlinear
optical coefficient d33. We achieved the squeezing level of −7.60 ± 0.15dB at 860 nm by utilizing
a subthreshol optical parametric oscillator with a PPMgLN crystal. We also generated 400 mW of
second harmonics at 430 nm from 570 mW of fundamental waves with 70% of conversion efficiency
by using a PPMgLN crystal inside an external cavity.
One of the attractive application of squeezed light is
quantum information processing with continuous vari-
ables [1]. Quadrature squeezed vacuum states are ap-
plied to realize quantum teleportation which is a funda-
mental protocol in quantum information processing [2].
The fidelity of such protocols is limited directly by the
squeezing level [3]. So it is important to generate highly
squeezed light to achieve a better performance. A typical
method to generate highly squeezed light is utilization
of a subthreshold optical parametric oscillator (OPO)
which includes a nonlinear optical medium. Over the
past few decades a considerable number of the experi-
ments have been performed to generate highly squeezed
light as shown in Table. I. The oscillation threshold of
pump power Pth and the escape efficiency ρ for OPOs
are important factors to generate highly squeezed light,
Pth = (T + L)
2/4ENL and ρ = T/(T + L) respectively,
where ENL is the effective nonlinearity of optical medi-
ums, T is the transmittance of output coupler, and L is
the intracavity loss. Polzik,et al. achieved −6.0± 0.3dB
squeezing level at 852 nm with a bow tie configuration of
the OPO including a KNbO3 (KN) crystal as a nonlin-
ear medium [4]. A major factor of degradation of the
observed squeezing level was intracavity losses caused
by blue light induced infrared absorption (BLIIRA) in
a KN crystal. Suzuki,et al. and Takeno,et al. achieved
−7.2± 0.14dB [3] and −9.01± 0.14dB [5] at 860 nm re-
spectively with a periodically poled KTiOPO4 (PPKTP)
crystal which has rather low losses without BLIIRA. Re-
cently Vahlbruch,et al. utilized a monolithic OPO cavity
by a MgO 7mol% doped LiNbO3 (MgLN) single crys-
tal in order to reduce losses caused by extra optical ele-
ments. They succeeded in measuring −10.12± 0.15dB of
squeezing at 1064 nm [6]. However relatively low non-
linear optical coefficient d31 of MgLN crystal causes an
increase of the oscillation threshold. From this passage,
they placed more considerable emphasis on the reduction
of the intracavity losses than nonlinearity of the medium
to improve the escape efficiency.
In this work we focus on utilization of the largest
optical coefficient d33 of MgLN crystal to improve the
effective nonlinearity ENL which is essentially impor-
tant to generate not only highly squeezed light but also
second harmonic wave as a pump beam of the OPO.
For that purpose we fabricated periodically poled MgO
5mol% doped LiNbO3 (PPMgLN) crystals for utilizing
the d33. Periodically poled structure with 3.4 µm period
was formed in MgLN crystal by temperature elevated
field poling technique [7] as shown in Fig. 1(a). In conse-
quence the effective nonlinearity of 0.043 (W−1) was re-
alized. We achieved the squeezing level of −7.60±0.15dB
at 860 nm by utilizing a subthreshold OPO with the PP-
MgLN crystal. We also generated second harmonic waves
at 430 nm with conversion efficiency of 70% by using the
PPMgLN crystal inside an external cavity.
A schematic diagram of experimental setup is shown
in Fig. 1(b). We use a continuous-wave Ti:Sapphire laser
at 860 nm as a light source. An optical system mainly
consists of three cavities with a bow-tie configuration, an
OPO, an optical frequency doubler to generate a pump
beam of the OPO, and a mode cleaner for spatially fil-
tering a local oscillator (LO) beam to make the same
spatial mode with the OPO output. The 860 nm beam
is phase modulated at 9.1 MHz by an electro-optic mod-
ulator (EOM) in order to lock the resonance of each cav-
ity by conventional FM sideband locking technique [8].
Both cavities of the OPO and the frequency doubler are
designed as resonant at 860 nm and have two spherical
mirrors whose radius of curvature is 50 mm and two flat
mirrors. One of the flat mirrors has a partial transmit-
tance (PT) at 860 nm and is used as a coupling mirror.
A 9.5 mm and 8 mm-long PPMgLN crystals whose tem-
perature is controlled around 50◦C are placed between
the two spherical mirrors of the OPO and the frequency
doubler respectively. The round trip length of the cavity
is about 500 mm which yields the beam waist size of 21
µm in radius at the crystal center.
Firstly we characterized the effective nonlinearity ENL
of the PPMgLN crystal with the OPO. The ENL is de-
fined as P2ω/P
2
ω (W
−1) where Pω and P2ω are the power
2Nonlinear optical medium KN PPKTP MgLN PPMgLN
Effective nonlinear optical coefficient deff (pm/V) [10] d31=11.0
2
pi
d33=10.6 d31 ≈ 4.4
2
pi
d33=18.1
Squeezing level (dB) −6.0± 0.3 [4] −9.01 ± 0.14 [3, 5] −10.12 ± 0.15 [6] −7.60± 0.15
Oscillation threshold Pth (mW) 250 180 744
∗∗ 377 (110)
Escape efficiency ρ 0.875 0.97 0.994 0.925
Effective nonlinearity ENL (W
−1) 0.016 0.023 0.0049∗∗ 0.043
Transmittance of output coupler T 0.105 0.123 0.12 0.21 (0.113)
Intracavity loss L 0.015∗ 0.0038 0.0007 0.017
TABLE I: Summary of previous squeezing experiments. Nonlinear optical coefficient of MgLN is the value of MgO 5% doped
LiNbO3 at 1064 nm and others are values at 852 nm. The values indicated with
∗ and ∗∗ are estimated with experimental
parameter described in references [4, 6] respectively.
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FIG. 1: (a)Observations of a periodically poled structure at
+Z surface where an electrode was attached. (b)Schematic
diagram of experimental setup.
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FIG. 2: A property of frequency doubler with the PPMgLN
crystal. Circles and squares indicate the power of second har-
monic wave at 430 nm and the conversion efficiency respec-
tively.
of fundamental wave and second harmonic respectively
with a single pass frequency doubling. The result shows
the ENL of 0.043 (W
−1) which is two times larger than
the previously reported ones for KNbO3 and PPKTP
as shown in Table I under the similar focusing condi-
tion [3, 4]. Theoretical estimation of the effective non-
linear optical coefficient, deff = (2/pi)d33, from the ob-
served ENL by using the well-known theory of Boyd and
Kleinman [9] yields 15 (pm/V) which reasonably agrees
with the previously reported value [10]. A slight differ-
ence might be caused by imperfection of the periodically
poled structure. By utilizing high nonlinearity of the PP-
MgLN crystal we also constructed the frequency doubler
with a coupling mirror whose transmittance is 0.10. We
achieved the second harmonic power of 400 mW from
fundamental wave power of 570 mW which yielded the
conversion efficiency of 70% as shown in Fig. 2.
Next we evaluated the intracavity loss L of the OPO
by injecting a weak coherent beam from the output cou-
pler. The analysis shows the loss without a pump beam
is 0.011, which is rather high compared with the previ-
ously reported crystals and might be caused by imper-
fection of the periodically poled structure, and increases
up to 0.022 at the pump power of 350 mW probably due
to BLIIRA and/or photo-refractive effect. The experi-
mental results can be expressed as a following equation;
L = L0 + aP2ω, where L0 is a passive loss and a is a
coefficient of pump induced losses and are calculated as
L0 = 0.01236 and a = 0.0246 (W
−1) respectively.
We measured the oscillation threshold Pth of the OPO
from the parametric gain when a weak coherent light
(probe beam) is introduced from the highly reflective
(HR) mirror of the OPO. The resonance of the OPO is
locked by using a counter-propagating lock beam. When
we used the output coupler with transmittance of 0.113,
the Pth was estimated as 110 mW which was much lower
than previous works regardless of the large intracavity
losses. This is again because of the high nonlinearity of
the PPMgLN crystal. High nonlinearity allows us to use
high transmittance of output coupler to improve the es-
cape efficiency. By using the relation of L = L0 + aP2ω,
we can calculate the values of Pth = (T +L)
2/4ENL and
ρ = T/(T + L) as a function of T , which are shown in
Fig. 3(a) and (b) respectively. We estimated the ρ at
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FIG. 3: (a)T dependence of the Oscillation threshold. Solid
line is calculation result and squares indicate experimental re-
sults. (b)Estimation of the escape efficiency at (i)x=0 (P2ω =
0), (ii)x=0.7 (P2ω ≈ 0.5Pth), and (iii)x=1 (P2ω = Pth).
certain normalized pump parameter x =
√
P2ω/Pth in
Fig. 3(b). At a lower x (Fig. 3(b)(i)-(ii)), the ρ improves
monotonically by using a higher T . However at a higher x
(Fig. 3(b)(iii)), the ρ starts to degrade due to the increase
of intracavity losses caused by high pump power. As a
result there is an optimum T which maximizes the escape
efficiency at a higher x. So we decided to use the output
coupler with 0.21 of T . Although the Pth is increased up
to 377 mW (Fig. 3(a)), nearly optimum value of the ρ of
0.91 is expected at Fig. 3(b)(iii). Another advantage of
using a higher T is broadening of a cavity bandwidth of
the OPO which enables us to obtain the squeezing level
at 2 MHz without degradation caused by detuning and
it leads to avoid laser noise at lower frequency.
Fig. 4(a) shows a typical result of the squeezing exper-
iment at the pump power of 200 mW. The noise level is
measured with a spectrum analyzer in zero span mode
with the resolution band width of 30 kHz and the video
bandwidth of 300 Hz. The shot noise level is 26 dB above
a circuit noise of the homodyne detector. The observed
squeezing level is −7.60± 0.15dB and antisqueezing level
is +13.97 ± 0.10dB, respectively. We continued above
experiment at several pump power and summarized in
Fig. 4(b). The squeezing level saturates at the higher
pump power level. To explain this result we calculated
theoretical values of the squeezing and antisqueezing lev-
els by the same analysis described in references [3, 5] with
the intracavity loss of L = L0+aP2ω, a phase fluctuation
of 1.5◦, and a homodyne detection efficiency of 0.968. In
Fig. 4(b) theoretical curves agree well with the observed
results. So the degradation of the squeezing level could
be due to the pump induced losses and phase fluctua-
tion of the LO beam. If we could improve the intracavity
losses less than 0.001 and suppress the phase fluctuation
to 0.3◦ in future work, the squeezing level of -13 dB would
be expected.
In conclusion, high nonlinearity was realized by fab-
ricating a periodically poled MgO:LiNbO3 crystal for
utilizing the large nonlinear optical coefficient d33. We
achieved the squeezing level of −7.60± 0.15dB and anti-
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FIG. 4: (a)Noise level at pump power of 200mW. (i)Shot
noise level, (ii)LO phase is scanned, (iii)LO phase is locked at
the squeezed quadrature, and (iv)LO phase is locked the anti-
squeezed quadrature. Traces (i), (iii), and (iv) are averaged for
20 times. (b)Pump power dependence of the squeezing and
antisqueezing levels. Circles/squares indicate the observed
squeezing/antisqueezing levels. Solid curves indicate the re-
sults of theoretical calculation.
squeezing level of +13.97± 0.10dB respectively with the
PPMgLN crystal. We also generated 400 mW of sec-
ond harmonic waves at 430 nm with 70% of conversion
efficiency by using the PPMgLN crystal.
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